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MAGNETIC  SUSCEPTIBILITIES  OF  COMPOSITIONS  IN 


TANTALUM  -  TANTALUM  CARBIDE  SYSTEM* 
by  Gilbert  J.  Santoro 
Lewis  Research  Center 

SUMMARY 

In  the  tantalum  -  tantalum  carbide  (Ta-TaC)  system  magnetic  susceptibility  mea¬ 
surements  were  performed  on  powder  samples,  and  lattice  parameter  determinations 
were  conducted  on  powder  and  filament  specimens.  A  maximum  diamagnetism  was  ob¬ 
served  at  TaCg  g.  The  entire  TagC  phase  proved  to  be  paramagnetic,  and  evidence  in¬ 
dicated  the  zeta  phase  to  be  diamagnetic.  The  dissolution  of  carbon  in  tantalum  reduced 
its  paramagnetism.  The  minimum  in  the  susceptibility  at  TaCg  g  could  be  accounted 
for  by  applying  the  bonding  concepts  of  either  Bilz  or  Dempsey,  although  their  ap¬ 
proaches  are  basically  different. 

Lattice  parameters  were  determined  on  the  powder  samples  throughout  the  entire 
tantalum  -  tantalum  carbide  system  and  on  the  filament  samples  in  the  TaC  phase.  The 
variation  in  the  lattice  parameter  was  nonlinear  in  the  high-carbon  end  of  the  face- 
centered-cubic  phase  region.  The  X-ray  data  from  the  carbide  filament  specimens 
agreed  with  those  from  the  powder  specimens  and  with  the  previously  reported  data  from 
filaments. 


INTRODUCTION 

An  increasing  amount  of  interest  concerning  the  electronic  nature  of  refractory  in¬ 
organic  compounds  is  evident  by  the  number  of  papers  published  on  the  subject  in  the  last 
few  years  (refs.  1  to  10).  A  better  understanding  of  the  electronic  nature  of  these  ma¬ 
terials  may  suggest  means  of  utilizing  their  desirable  properties,  such  as  high  melting 
point  and  corrosion  resistance,  and  of  minimizing  their  brittleness.  An  important  prop¬ 
erty  related  to  the  electronic  nature  of  a  material  is  the  magnetic  susceptibility. 

*The  information  presented  herein  is  extracted  from  a  thesis  entitled  ”A  Study  in 
the  Tantalum-Carbon  System”  submitted  in  partial  fulfillment  of  the  requirements  for 
the  degree  of  Doctor  of  Philosophy  in  Physical  Chemistry  at  Western  Reserve  Univer¬ 
sity,  1964. 


In  a  recently  published  paper  (ref.  11)  the  author  reported  the  magnetic  suscepti¬ 
bility  of  tantalum  carbide  (TaC)  filaments  of  various  carbon  contents  in  the  face-centered- 
cubic  phase  region.  The  extrapolated  susceptibility  found  for  the  stoichiometric  carbide 
disagreed  with  that  in  the  literature  (ref,  2).  This  incongruity  prompted  the  present 
study,  in  which  measurements  were  performed  on  powder  carbide  samples  and  on  an 
additional  carbide  filament.  In  addition,  magnetic  measurements  were  made  for  compo¬ 
sitions  ranging  from  the  Ta  to  the  TaC  phase,  including  all  one-  and  two-phase  regions 
of  the  phase  diagram.  Susceptibility  values,  as  well  as  the  effect  of  the  zeta  phase  on 
susceptibilities,  are  thus  reported  for  the  first  time  for  Ta2C. 

X-ray  diffraction  techniques  were  used  to  determine  the  completeness  of  the  reaction 
in  the  preparation  of  the  powder  samples,  and  from  these  data  lattice  parameters  were 
determined.  Since  the  previously  reported  lattice  parameters  on  tantalum  carbide  fila¬ 
ments  given  in  reference  11  differed  from  those  in  the  literature  (refs.  12  and  13),  addi¬ 
tional  filaments  were  prepared  and  X-rayed,  and  the  results  were  compared  with  those 
from  the  powder  carbides. 


EXPERIMENTAL  PROCEDURE 
Material  Preparation 

High-purity  tantalum  hydride  and  spectrographic -grade  carbon  powders  were  placed 
in  a  carbon  crucible  and  reacted  in  an  induction  furnace,  some  at  1800°  C  for  labours 
and  others  at  2500°  C  for  10  minutes.  The  base  vacuum  was  1x10“^  torr.  In  all  cases 
the  outer  layer  of  the  reacted  material  was  discarded  and  the  remainder  ground  and  re¬ 
heated.  This  process  was  repeated  until  no  further  change  in  the  X-ray  pattern  could  be 
observed;  usually  two  or  three  such  operations  were  sufficient.  Compositions  between 
tantalum  (Ta)  and  tantalum  carbide  (TaC)  were  prepared  in  this  manner. 

Several  powder  preparations  of  composition  TaC^  and  others  of  TaCp  g,^  were 
annealed  at  1800°  C  for  20  to  30  hours  in  an  attempt  to  isolate  the  zeta  carbide,  which 
was  first  reported  by  Lesser  and  Brauer  (ref.  13).  Carbide  filaments  in  the  face- 
centered-cubic  phase  region  (TaCg  ,j  to  TaC  ^  q)  were  prepared  by  carburizing  tantalum 
wires  in  a  hydrocarbon  gas.  Details  of  this  procedure  are  reported  in  reference  11. 


Chemical  and  X-Ray  Diffraction  Analyses 

All  the  products  were  chemically  analyzed  for  total  carbon  content.  About  half  were 
analyzed  for  free  carbon,  and  several  random  preparations  were  analyzed  for  hydrogen. 
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nitrogen,  and  oxygen.  The  free-carbon  content  from  sample  to  sample  amounted  to  a 
maximum  of  49  parts  per  noillion.  The  hydrogen,  nitrogen,  and  oxygen  impurities 
amoimted  to  maximums  of  17,  50,  and  190  parts  per  million,  respectively.  Repeated 
analyses  on  the  same  sample  for  total-carbon  content  gave  a  precision  of 
Since  the  free-carbon  content  was  below  the  precision  of  the  total-carbon  analysis,  all 
compositions  for  the  powders  reported  herein  are  for  total  carbon.  The  carbide  fila¬ 
ments  were  analyzed  only  for  total  carbon. 

The  X-ray  diffraction  patterns  were  made  with  a  114.  6-millimeter-diameter  Debye- 
Scherrer  camera  by  use  of  copper  Ko?  radiation.  For  both  the  carbide  filaments  and  the 
powder  specimens  with  compositions  in  the  face-centered-cubic  phase  region,  the  lattice 
parameters  were  calculated  by  means  of  a  least-squares  extrapolation  on  an  IBM  7090 
computor.  High  angle  reflections  were  used  for  calculating  the  parameters  of  specimens 
with  lower  carbon  content.  These  data  are  tabulated  in  table  I. 


Magnetic  Measurements 

The  Gouy  method  was  used  in  determining  the  magnetic  susceptibilities  of  the  fila¬ 
ments.  A  description  of  the  apparatus  is  presented  in  reference  11.  The  same  technique 
was  used  on  the  powder  specimens  with  the  following  modifications:  A  2-millimeter- 
inside-diameter  borosilicate-glass  tube,  16  inches  long  with  a  glass  partition  bisecting 
the  tube  length,  was  vertically  suspended  from  a  substitutional-weight  microbalance  in 
such  a  way  that  the  partition  was  centered  between  the  pole  caps  of  an  electromagnet. 

The  force  developed  on  the  empty  tube  was  only  70  micrograms  in  a  magnetic  field  of 
26.  4  kilogauss.  A  fiducial  mark  was  etched  around  the  upper  chamber  of  the  tube  7  in¬ 
ches  from  the  partition.  The  tube  was  filled  to  this  mark  with  sample  (-200  mesh)  by  the 
addition  of  small  portions  at  a  time,  while  the  tube  was  continuously  tapped  to  ensure 
uniform  packing  within  any  one  sample.  French  and  Harrison  (ref.  14)  showed  that  the 
method  of  packing  (and  therefore  the  tightness  of  packing)  is  not  a  factor  in  the  calcula¬ 
tion  of  the  susceptibility  so  long  as  the  packing  is  uniform  over  the  length  of  the  sample. 
The  air  enclosed  in  the  packed  solid,  however,  is  a  factor  for  accurate  measurements  on 
materials  of  small  susceptibility.  These  ideas  concerning  the  packing  were  verified  in 
the  investigation  reported  herein  by  repeated  determinations  of  the  susceptibility  on  the 
same  sample  filled  to  the  same  height  in  the  tube,  but  varying  in  its  tightness  of  packing. 
The  resultant  gram  susceptibilities  were  within  the  experimentally  determined  precision 

_  ft 

of  the  measurements,  that  is,  ±0.002x10  electromagnetic  unit. 

The  final  equation  for  the  gram  susceptibility  with  the  correction  for  the  enclosed 
air  is 
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^Data  from  ref.  1 1. 

^Annealed  30  hr  after  reacting. 


where 


_  2g(AW  -  AW^)  ^  ^ 

*  „2  „2  w  d 


X  gram  magnetic  susceptibility,  emu 

2 

g  gravitational  constant,  g-cm/sec 

AW  apparent  change  in  weight  due  to  magnetic  field  on  sample  and  tube,  g 

AW^  apparent  change  in  weight  of  empty  tube,  g 

H  magnetic  field  strength  at  center  of  pole  caps,  gauss 

Hq  field  strength  at  top  of  sample,  gauss 

h  height  of  sample,  cm 

W  weight  of  sample,  g 

k  volume  susceptibility  of  air,  emu 

a 

Q 

d  true  density  of  material,  g/cm 

The  X-ray  density  was  used  for  d  in  the  equation.  This  substitution  assumes  that  the 
individual  sample  particles  were  free  of  pores.  Any  error  introduced  by  this  assumption 
is  probably  within  the  precision  limits  of  the  method.  The  magnetic  field  was  measured 
directly  with  a  rotating-coil  gauss  meter. 


RESULTS 

The  magnetic  susceptibility  variation  in  the  Ta-TaC  region  is  shown  in  figure  1.  The 
phase  boundaries  in  this  diagram  were  determined  from  data  obtained  by  X-ray  diffrac¬ 
tion  and  metallographic  techniques  and  from  data  in  reference  15.  The  salient  features 
found  in  this  magnetic  investigation  are  as  follows:  Carbon  decreases  the  susceptibility  of 
tantalum,  the  entire  compositional  range  of  the  Ta2C  phase  is  paramagnetic,  a  minimum 
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susceptibility  X  occurs  in  the  TaC 
phase atabout  TaCQ  g(X=-0.  121x10"®), 
and  TaC  j  q  is  paramagnetic 
(x  =  0.054x10"®).  Although  direct  mea¬ 
surements  throughout  the  entire  Ta2C 
phase  are  lacking,  the  values  from  the 
terminal  compositions  of  this  phase 
suggest  that  increasing  carbon  content 
lowers  the  susceptibility. 

As  shown  in  figure  1,  the  region 
between  Ta2C  and  TaC  was  investigated 
with  three  different  groups  of  samples. 
Powders  that  were  reacted  at  2500°  C 
showed  no  evidence  of  the  zeta  phase 
in  X-ray  diffraction  patterns,  and  the 
susceptibility  data  for  this  material  de¬ 
fined  a  linear  variation  in  this  two- 
phase  region.  The  X-ray  patterns 
from  powders  reacted  at  1800°  C  for 
1^  hours  contained  some  weak  zeta 

0  .2  A  A  Ts  To  lines.  The  susceptibility  plot  for  these 

Carbon -tantalum  molar  ratio,  C/Ta  ,  ,  ,1x1 

samples,  however,  produced  the  same 

Figure  1.  -  Variation  of  magnetic  susceptibility  of  tantalum  -  tantalum  x-ixt  ^ 

carbide  system  with  composition.  Straight  linG  DGtWGGIl  Ta-2C  aJld  Ta.C  a,S 

did  the  samples  containing  no  zeta 

phase.  Any  effect  the  small  amount  of  the  zeta  phase  present  had  on  the  susceptibility 
was  thus  less  than  the  precision  of  the  measurements.  A  powder  sample  of  composition 
TaCfl  04  reacted  at  1800°  C  and  annealed  at  1800°  C  for  30  hours  showed  a  rather  well- 
developed  zeta  X-ray  pattern,  in  addition  to  Ta2C  and  TaC  lines.  The  susceptibility  of 
this  sample  was  more  strongly  diamagnetic  than  samples  containing  no  zeta  phase  or 
very  small  amounts  of  zeta  phase.  While  the  zeta  phase  was  not  isolated,  it  can  thus  be 
inferred  to  be  a  diamagnetic  material.  By  a  comparison  of  X-ray  diffraction  intensities, 
about  one-third  of  this  sample  was  estimated  to  be  the  zeta  phase.  With  the  use  of  this 
estimate  and  the  assumption  of  a  law  of  mixtures,  the  gram  susceptibility  of  the  zeta 
phase  was  calculated  to  be  approximately  -0.  2X10"®  electromagnetic  unit. 

The  susceptibility  variation  in  the  TaC  region  as  previously  determined  with  filament 
specimens  (ref.  11)  was  confirmed  by  the  results  on  the  powder  samples  and  the  addi¬ 
tional  filament,  except  for  compositions  with  a  higher  carbon  content  than  TaC^  g2-  The 
high  values  previously  reported  for  the  high-carbon  region  of  the  curve  were  due  to  an 
extrapolation  through  only  one  point  not  in  agreement  with  the  results  presented  herein 


Carbon-tantalum  molar  ratio,  C/Ta 

Figure  2.  -  Variation  of  lattice  parameter  with  composition  in 
tantalum  carbide  phase  region. 


(see  dashed  line  in  fig.  1).  Based  on  the 
numerous  points  in  this  region  obtained 
from  this  investigation  and  their  agree¬ 
ment  with  the  literature,  the  present  re¬ 
sults  for  the  high-carbon  region  of  the 
curve  are  considered  correct. 

The  lattice  parameters  within  the 
TaC  region  for  both  the  filaments  and 
powders  are  presented  in  figure  2  as  a 
function  of  carbon  content.  These  data 
together  with  the  X-ray  results  outside 
the  TaC  region  are  listed  in  table  I  for 
completeness.  Included  in  figure  2  are 
the  data  previously  reported  on  carbide 
filaments  (ref.  11)  and  the  curve  of  Bow¬ 
man  (ref.  12),  whose  resxilts  agree  with 
those  of  Lesser  and  Brauer  (ref.  13). 

The  data  in  references  12  and  13  were  ob¬ 
tained  from  powder  samples.  Except  for 
the  stoichiometric  composition,  where 
there  is  agreement,  the  results  from  the 
two  types  of  specimens  prepared  in  this 
investigation  differ  from  those  of  refer¬ 


ences  12  and  13.  The  values  reported  herein  are  consistent  with  each  other  and  with  the 
previously  reported  data  of  reference  11,  but  the  lattice  parameters  are  larger  than 
those  reported  in  references  12  and  13,  and  the  curve  is  nonlinear  at  the  high-carbon 
end.  The  lattice  parameter  of  the  stoichiometric  composition  was  also  verified  by  values 


obtained  for  TaC  from  compositions  in  the  two-phase  region,  TaC  and  C. 

The  discrepancy  between  the  variation  foiuid  in  this  investigation  and  in  the  literature 
is  puzzling,  particularly  in  view  of  the  fact  that  the  powder  samples  used  in  the  three 
investigations  were  prepared  by  similar  methods  and  possessed  comparable  purity.  If 
the  variation  of  the  lattice  parameter  with  carbon  content  in  the  TaC  phase  were  linear. 


however,  it  would  be  the  only  member  of  that  group  of  carbides  with  the  NaCl-type  crys¬ 
tal  structure  formed  from  a  Group  IV  A  or  V  A  transition  metal  that  would  behave  in  this 
way.  The  curves  for  these  other  systems  tend  to  level  off  near  the  high-carbon  end  with 
some  even  displaying  a  maximum  (ref.  15).  The  lattice  parameters  outside  the  TaC 
region  (table  I)  agree  with  the  literature  (ref.  15)  within  the  accuracy  of  the  determina¬ 


tions. 
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DISCUSSION 


According  to  the  theoretical  calculations  of  Bilz  (ref.  16),  a  minimum  in  the  density- 
of-states  curve  for  face-centered-cubic  carbides  and  nitrides  of  the  Group  IV  A  and  V  A 
transition  metals  should  occur  at  an  energy  level  corresponding  to  a  valence  electron 
concentration  per  formula^  of  between  8  and  9  (see  fig.  3).  Reference  16  further  men¬ 
tions  the  possibility  that  this  minimum  in  the  density  of  states  could  produce  a  minimum 

in  the  magnetic  susceptibility  since  the  lower- 
lying  p-bands  are  filled  at  about  8  valence  elec¬ 
trons,  and  any  additional  electrons  would  strongly 
increase  the  Fermi  limit  to  higher-lying  d-bands 

accompanied  by  increased  paramagnetism  due  to 
Fermi  level  corresponding  to  ..  ^ 

electron  concentre-  unlilleci  d-shell.  These  conclusions  are  con¬ 

sistent  with  the  minimum  in  susceptibility  found 
in  this  investigation  at  TaC^  g,  as  this  composi¬ 
tion  contains  8,  2  valence  electrons  per  formula. 
Also  according  to  reference  16  the  minimum  in 
the  density-of-states  curve  is  associated  with 
maximum  bond  strength.  The  bonding  increases 
as  the  p-bands  are  being  occupied  and  then  rapidly 
decreases  as  additional  electrons  begin  to  fill  the 
weaker  bonding  states  in  the  higher-lying  d-bands. 
This  scheme  is  in  agreement  with  the  previously 
reported  maximum  in  microhardness  at  TaC^ 

(rrf.  11).  ® 

Density  Of  Stated  N(E)  "  Dempsey  (ref.  8),  however,  offers  another  ex- 

Figure3.  -  Density^of-states  curve  (from  ref.  16).  planation  for  the  bonding  in  these  materials  that  can 

be  used  to  account  for  the  minimum  susceptibility 
inTaC.  From  a  consideration  of  melting  points  on  a  large  number  of  compounds  it  is  as¬ 
sumed  that  the  nonmetal  contributes  all  its  p-electrons  to  the  d-band  formed  by  the  metal 
atoms  in  compounds  like  TaC.  The  d-band  of  the  compound  is  believed  to  consist  of  two 
subbands;  the  filling  of  one  of  these  subbands  to  about  6  electrons  leads  to  greater  sta¬ 
bility  (bonding  strength),  and  the  filling  of  the  other  subband  reduces  the  stability.  The 
number  of  electrons  in  the  d-band  of  stoichiometric  TaC  is  6.  5  per  metal  atom  (ref.  8): 

4.  5  contributed  by  the  metal  atom  (0.  5  being  in  the  s-band)  and  2  electrons  contributed 
by  the  p-shell  of  the  carbon  atom.  For  TaCQ  g,  the  number  of  electrons  in  the  d-band 

^The  valence  electron  concentration  for  TaC,  for  example,  is  5  +  4  =  9,  and  for 
TaCg^  g  it  is  5  +  (0.  8)(4)  =  8.  2. 
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would  thus  be  about  6. 1,  enough  to  fill  the  bonding  subband  completely.  This  situation  rep¬ 
resents  the  optimum  for  maximum  bonding  strength.  It  should  also  resiilt  in  a  minimum 
in  the  magnetic  susceptibility  since  all  the  electron  spins  would  be  paired  in  a  filled  band. 

Although  both  concepts  can  account  for  the  minimum  in  the  susceptibility  at  TuCq^  g, 
they  differ  from  each  other  in  a  very  fundamental  way.  Whereas  the  formation  of  impor¬ 
tant  directional  bonds  between  the  metal  and  the  nonmetal  atoms  with  superimposed  non- 
directional  bonds  is  proposed  in  reference  16,  the  band  structure  of  the  conipoimd  is  con¬ 
sidered  in  reference  8  to  be  essentially  of  the  type  normally  associated  with  pure  transi¬ 
tion  metals  but  with  additional  electrons  in  the  d-band  contributed  by  the  nonmetal.  That 
two  basically  different  concepts  can  be  used  emphasizes  the  need  for  continued  experi¬ 
mental  studies.  Further,  the  composition  TaCg  g  is  not  the  only  one  of  interest  in  this 
phase  region.  The  slope  of  the  magnetic  susceptibility  curve  levels  off  at  about 
TaCo  gg,  the  same  composition  at  which  the  upper  trend  in  the  lattice  parameter  varia¬ 
tion  begins  to  level  off.  Also  at  this  composition  the  decreasing  trend  in  the  room- 
temperature  electrical -resistivity  curve  (ref.  11)  begins  to  level  off. 


CONCLUSIONS 

This  study  of  the  magnetic  susceptibility  of  the  tantalum  -  tantalum  carbide  (Ta-TaC) 
system  revealed  a  maximum  diamagnetism  at  TaCg  g  and  a  lowering  in  the  slope  of  the 
curve  at  TaC^  gg.  The  entire  TagC  phase  proved  to  be  paramagnetic,  evidence  indicated 
the  zeta  phase  to  be  diamagnetic,  and  dissolved  carbon  reduced  the  paramagnetism  of 
tantalum.  It  was  shown  that  the  minimum  in  the  susceptibility  at  TaCg  g  could  be  ex¬ 
plained  by  applying  the  bonding  concepts  of  either  Bilz  or  Dempsey,  although  their  ap¬ 
proaches  are  basically  different. 

Lattice  parameters  on  powder  samples  were  determined  throughout  the  entire 
Ta-TaC  system  and  on  filament  specimens  in  the  TaC  region.  The  variation  in  the  lat¬ 
tice  parameter  was  nonlinear  in  the  high-carbon  end  of  the  face- center ed-cuMc  phase  re¬ 
gion,  contrary  to  the  findings  of  Bowman  and  of  Lesser  and  Brauer.  The  X-ray  data 
from  carbide  filament  specimens  agreed  with  those  from  powder  specimens  and  with  the 
previously  reported  data  from  filaments.  Throughout  the  remainder  of  the  system,  the 
experimental  lattice  parameters  agreed  with  those  reported  in  the  literature. 


Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 
Cleveland,  Ohio,  November  12,  1964. 
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